Lifetime reproductive success (LRS) in the form of number of descendants is a commonly used measure of individual fitness, but the life stage at which descendants are counted varies among studies. Conceptual and logistical trade-offs exist along the gradient of proximal-to-distal LRS metrics. Although proximal metrics, such as number of offspring weaned, are logistically easier to collect than distal metrics, such as number of reproductively mature offspring or grandoffspring, they may be of little evolutionary significance if stochastic events heavily influence the realized number of descendants. We use a 25-year demographic data set based on 954 adult female Richardson's ground squirrels (Urocitellus richardsonii) from 22 annual cohorts to characterize and compare 6 metrics for LRS: lifetime production of litters, numbers of weanlings, weanling daughters, adult daughters, weanling matrilineal granddaughters, and adult matrilineal granddaughters. Most adult females weaned only 0 (21%), 1 (47%), or 2 (22%) lifetime litters. All LRS distributions were right skewed, with 53% and 77% of adult female Richardson's ground squirrels having no adult female matrilineal descendants after 1 and 2 generations, respectively. Survival of daughters and mothers covaried with calendar year, and LRS was strongly influenced by the calendar year in which females recruited into the breeding population as yearlings. Catastrophic flooding in 2005 killed nearly all descendants from the 2004 and 2005 cohorts. Daughter survival to adulthood explained more variance in lifetime production of adult daughters and granddaughters than number, size, or sex ratio of litters. Overall, to have a ≥ 50% chance of 1 adult granddaughter, a female needed to produce 2 litters, 7 weanling daughters, or 2 adult daughters. All distal (response) versus proximal (predictor) LRS metrics had significantly positive relationships, but variability increased with each distal step in the response variable. Our long-term study highlights sampling issues with LRS studies, variability within and among cohorts, and the role of stochastic events in uncoupling a mammal's reproductive effort from realized number of descendants.
Fitness is intuitively understood to involve the contribution of genes to future generations (Brommer et al. 2004; Orr 2009 ) and, for noncooperatively breeding animals, is achieved through production of direct descendants. Lifetime reproductive success (LRS), the lifetime sum of descendants produced, is a common estimator of individual fitness for many taxa. LRS distributions have been used to characterize life histories (Clutton-Brock 1988; Newton 1989a) , identify influential lifehistory components for fitness (e.g., King et al. 1991) , assess the fitness relevance of phenotypic characteristics such as body morphology to detect potential natural selection (e.g., Jensen et al. 2004) , and to calculate genetic diversity of future generations (e.g., Kelly 2001) .
Despite its utility, the quantification of LRS poses both logistical and conceptual challenges. Pragmatically, LRS data are difficult to obtain because they require that individuals be marked and tracked for their entire lifetimes in longitudinal studies. Conceptually, the type (e.g., sex), life stage (e.g., neonate), or even generation at which descendants should be counted to quantify LRS has long been a source of discussion, with no consensus on a single best metric (Grafen 1988; Newton 1989a; Rhine 1997; Brommer et al. 2002; Crognier 2003; Strassmann and Gillespie 2003; Brommer et al. 2004) . Consequently, reported metrics of reproductive success across many taxa range from proximal single-generation measures, such as the number of eggs laid or neonates born (e.g., Madsen and Shine 1994; Setchell et al. 2005) , to increasingly distal metrics, such as number of offspring that attain some measure of independence such as fledging or weaning (e.g., Oring et al. 1991; Dugdale et al. 2010) , number of offspring that achieve a specific predefined age (e.g., King et al. 1991; Wilson et al. 2005) , number of offspring that reach reproductive maturity (e.g., Käär and Jokela 1998; Jensen et al. 2004) , number of mature offspring that become reproductively active (Fitzpatrick and Woolfenden 1989; Brommer et al. 2004) , and, occasionally, multi-generational metrics such as counts of grandoffspring or later descendants (e.g., Kelly 2001; Brommer et al. 2004; Dugdale et al. 2010) . The choice of which LRS metric to use is important because the number of descendants can differ with each metric and thus affects the biological interpretation of studies (Rhine 1997; Jensen et al. 2004) .
The number of descendants produced by an animal is itself a phenotype arising from the interaction between genotype, environmental conditions, and chance (Newton 1989b; Orr 2009 ). Link et al. (2002) describe a proximal-to-distal gradient of individual fitness measures representing latent fitness (i.e., the genetically determined potential number of descendants an individual can produce) to realized fitness (i.e., the actual number of descendants existing at a defined stage resulting from an interaction between genotype, phenotype, and stochasticity). This gradient is important for understanding what different LRS metrics represent; the more distal the LRS metric, the more opportunity for factors other than the subject individual's genotype to influence the results. Chance events from demographic stochasticity (e.g., offspring sex ratios) and environmental stochasticity (e.g., poor or even catastrophic environmental conditions -Grafen 1988; Newton 1989a; Benton and Grant 2000; Brommer et al. 2004) can influence or even completely determine (Orzack et al. 2011; Steiner and Tuljapurkar 2012) distributions of realized fitness in a population. Furthermore, if LRS metrics incorporate offspring survival or reproduction (e.g., number of offspring surviving to reproductive maturity), the influence of an individual's phenotype is blurred with that of offspring phenotypes, raising the question of "whose fitness is it?" that we are measuring (Wolf and Wade 2001; Wilson et al. 2005 ). Therefore, a study aiming to correlate LRS with other phenotypic traits as an indicator of possible natural selection would likely require a more proximal measure of LRS, whereas one aiming to quantify realized numbers of descendants to predict the expected genetic diversity in future generations (i.e., effective population size-Kelly 2001) would benefit from a more distal measure of LRS. When data for the most conceptually desirable LRS metric are not available or obtainable and a substitute must be used, it becomes important to know how well metrics represent each other. However, the relationships between metrics have rarely been explored empirically (but see Fitzpatrick and Woolfenden 1988; Rhine 1997 ), especially for cross-generational metrics (Brommer et al. 2004; Dugdale et al. 2010) .
Statistical problems also emerge with LRS data collection and analysis. The certainty of following a subject's entire lifetime reproductive output decreases with increasing lifespan, and data collection for more productive individuals and for more distal metrics requires increased effort and presents more opportunity for incomplete data. As a result, more subjects are likely to be eliminated with increasingly distal metrics of LRS, resulting in smaller sample sizes, reduced statistical power, and biases against longer lived individuals (Rhine 1997; Strassmann and Gillespie 2003; Breuer et al. 2010 ).
Furthermore, the quality of the time period in which individual animals live their lives influences LRS (Newton 1989b; Rose et al. 1998) , and survival and reproductive rates often fluctuate across cohorts due to factors such as environmental conditions, competition, and predation (e.g., McCleery and Perrins 1989; Forchhammer et al. 2001; Reid et al. 2003) . LRS may be especially affected by conditions in the 1st breeding season for individuals, cohorts, or study species that complete their lifetime reproductive effort in only one or a few breeding seasons (e.g., McCleery and Perrins 1989) , whereas longer lived individuals may have future opportunities to replace lost reproduction (e.g., Wooller et al. 1989) . Differences in quality of breeding seasons can result in variability in LRS between cohorts in birds (McCleery and Perrins 1989; Reid et al. 2003) and mammals (Rose et al. 1998; Forchhammer 2001) , so much so that the particular years in which individuals live can be the most influential factor determining LRS (Newton 1989b; Rose et al. 1998 ). Seasonal quality and animal longevity cannot be planned in observational studies, but the more reproductive seasons incorporated into a longitudinal study the greater the probability of detecting the impacts of stochasticity and its result on intercohort variation in LRS.
Here, we use a detailed longitudinal 25-year demographic data set for female Richardson's ground squirrels (Urocitellus richardsonii) to calculate 6 increasingly complex, distal, and data-intensive metrics of LRS in the form of lifetime production of litters, weanlings, weanling daughters, adult daughters, and weanling and adult granddaughters produced by those daughters (hereafter referred to as matrilineal granddaughters). Our objectives were to 1) describe and minimize the bias within data subsamples as more distal descendant data are required, 2) describe the lifetime biology of our study species and the distributions of different LRS metrics observed in the population, 3) describe the variability in LRS among the ≥ 20 annual cohorts of adult females, 4) identify the dominant life-history components contributing to variance in LRS within each cohort, and 5) compare the extent to which proximal metrics of LRS predict distal metrics across all cohorts in the study. Descriptive biology at the lifetime scale from this large and long-term empirical data set facilitates understanding the basic biology of Richardson's ground squirrels and serves as a case study for the depth of information that can be obtained in a multi-generational study while highlighting the limitations and potential biases inherent in longitudinal studies.
Materials and Methods
Study species.-Richardson's ground squirrels are mediumsized (225-550 g as adults, depending on season and sex), short-lived (usually < 5 years), obligate hibernators that attain sexual maturity on emergence from their 1st hibernation as yearlings, have a short annual mating season, and are reproductively active each spring throughout their lives (Michener 1998; Broussard et al. 2005) . The 110-day active season of adult (≥ 1 year old) females comprises a highly predictable sequence of biological events: posthibernation estrus, gestation, lactation, prehibernation fattening, and immergence into hibernation (Michener 1998) . Females give birth underground and 30 days later wean a single annual litter, typically of 5-8 offspring (range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , that first emerges aboveground 8 weeks after the mother's emergence from hibernation (Michener 1985; Risch et al. 2007 ). Mean size of weaned and birthed litters does not differ significantly (Gedir and Michener 2014) . Offspring mass at weaning is negatively related to litter size (Gedir and Michener 2014) , but probability of survival to adulthood is independent of litter size (Risch et al. 2007 ). Neither litter size nor offspring survival varies with maternal age (Broussard et al. 2005) , and reproduction in 1 year does not affect reproduction in the next (Risch et al. 2007 ). Litter sex ratio at weaning averages 1:1 and is independent of both litter size and maternal age (Gedir and Michener 2014) . Because male Richardson's ground squirrels experience higher mortality than females, both as juveniles and adults, the numerical sex ratio among adults is markedly female biased (Michener 1990 ). The operational sex ratio, however, is male biased, the mating system is polygynandrous (Michener 1990 (Michener , 1998 Michener and McLean 1996) , and some litters have multiple sires (Hare et al. 2004; Magyara 2009) .
Whereas male Richardson's ground squirrels usually disperse from the natal area, females are philopatric, typically settling in proximity to surviving female kin (van Staaden et al. 1994) . Each female rears her litter in subterranean chambers isolated from neighbors (Michener 2002) , and consequently maternity of emerging weanlings can be assigned reliably from the known location of the mother's burrow system. In contrast, assignment of paternity requires genetic testing (Hare et al. 2004; Magyara 2009 ). The sedentary lifestyle of female Richardson's ground squirrels facilitates assessment of lifetime production of weaned offspring and enables monitoring of daughters through adulthood.
Field methods.-Our data on LRS were collected from 1986 through 2012 from a well-studied population of Richardson's ground squirrels living on a 2-ha grassland area surrounded by a farmyard and agricultural fields in southern Alberta, Canada. Description of the study site and detailed methods on capture, handling, individual marking, and assessment of reproductive status, litter size at weaning, and interyear survival appear in Broussard et al. (2005) , Risch et al. (2007) , Gedir and Michener (2014) , and references therein. All field procedures were in accordance with the Canadian Council on Animal Care guidelines (Canadian Council on Animal Care 2003) and American Society of Mammalogists guidelines (Sikes et al. 2011) and were approved by the Animal Welfare Committee of the University of Lethbridge.
During the course of the study, population size and dispersion fluctuated substantially (Risch et al. 2007) , thereby imposing logistical limitations on monitoring the reproductive performance of every female in every year. Because all squirrels emerging anywhere within 100 m of the study site were trapped in 20 years (1986-2001 and 2006-2009) , every survivor was known in those years. In 2002-2005 and 2010-2011 , reproductive performance of females resident within a subsection of the site was monitored, supplemented in each subsequent year by trapping a buffer zone and visually surveying beyond that to detect survivors. Because the search effort for surviving females was extensive and emigration is rare for female Richardson's ground squirrels, we are confident that unobserved individuals had indeed died.
Data analysis.-In order to describe patterns of lifetime production of number of litters, weanlings, weanling daughters, adult daughters, weanling matrilineal granddaughters, and adult matrilineal granddaughters, we identified subsamples of adult females for each LRS measure from each annual cohort in which all members had died (or, for intergenerational metrics, whose daughters had all died) by termination of the study in 2012. Subsamples are representative of the population but are not complete censuses in some years because of missing information or differing data collection efforts. Subsetting procedures and reasons for ineligibility are detailed in Supporting Information S1.
We generated 5 nested subsamples, each with an additional information requirement, to characterize reproductive output in our study population of Richardson's ground squirrels: 1) 979 females from 22 cohorts (yearling years 1987-2008) with known number of reproductive years (= lifespan measured as age in years from birth), 2) 954 females with lifetime information on number of litters produced, 3) 771 females with lifetime information on number of weanlings and adult daughters produced, 4) 662 females from 20 cohorts (yearling years 1987-2006 ) with a known number of daughter-years and reproductive information on weanling and adult granddaughters produced for ≥ 80% of those daughter-years, and 5) 639 females with information on granddaughters for all daughter-years. The difference in sample size between the latter 2 categories reflects our recognition that the requirement for perfect data potentially biased against the longest lived and most successful mothers with the most daughter-years (e.g., Rhine 1997) . Deeming eligible females with 5-20 daughter-years and complete granddaughter information for ≥ 80% of those daughter-years provided leniency to 23 females that had a slightly underestimated count of granddaughters only if a litter had indeed been weaned in any daughter-year with missing data.
We tested for a longevity bias arising from subsetting criteria by comparing the lifespan distributions in the 5 nested subsamples using a chi-square test of independence with a P-value calculated from 10,000 Monte Carlo simulations to account for low expected counts (< 5) for longer lifespans (simulated P-values mean that degrees of freedom are not applicable).
We defined cohorts of female Richardson's ground squirrels by the year they recruited into the breeding population as yearlings. We distinguish between adult females that did and did not wean ≥ 1 litter in their lifetimes by referring to them as mothers and non-mothers, respectively. For females still alive at the expected time of litter weaning, failure to wean a litter was confirmed from nipple conditions indicative of absence or cessation of lactation. We partitioned the variance in the LRS metrics of adult daughters and adult matrilineal granddaughters from each eligible cohort into contributions from different life-history components using the upward partitioning method described by Brown (1988) . This method calculates the percentage of the observed variance in LRS that originates from mothers compared to non-mothers and further describes for each life-history component the percentage of variance in the observed LRS that occurs in a modified LRS calculation when all other components for individuals are held at their means. We used 4 multiplicative life-history components to explain the number of adult daughters produced by 22 cohorts altogether comprising 771 adult female Richardson's ground squirrels with adult daughter data: lifetime number of litters, mean lifetime litter size, lifetime proportion of weanlings that were female, and lifetime proportion of weanling daughters that survived to the yearling stage. Variance in the number of adult granddaughters was partitioned for 20 cohorts from the subsample of 662 females with granddaughter information using 8 multiplicative components: the 4 previously listed as well as the mean number of daughter-litters per daughter, mean litter size for all reproductive daughters, proportion of grandweanlings that were female, and the survival rate of all weanling granddaughters to the yearling stage. Due to the longitudinal and multi-generational nature of the data set, 72% of the 662 focal females with granddaughter information were daughters of other focal females. Data from those females therefore were included in 2 cohort analyses: first as part of the pooled lifetime daughter reproductive information for their mother's cohort, then as a focal female in their own cohort. Variance partitions for all components were calculated for the mothers in each cohort and then were adjusted to account for the percent variation explained by the non-mothers, respectively (Brown 1988) . Interactions were disregarded for the sake of simplicity due to the large number of life-history components used.
The relationships among LRS metrics were explored using the 465 mothers from the subset of 662 females across all cohorts with data for number of litters weaned through to number of adult matrilineal granddaughters. That data set required special treatment during the LRS comparisons because of 2 key characteristics that violated assumptions of ordinary least squares regression: 1) all LRS metrics were counts, meaning the data and any model predictions could not be negative, and 2) many of the metrics had a high proportion of zeros (i.e., were zero-inflated), meaning residuals would not be normally distributed. We therefore adopted a multi-step approach to analyzing how well proximal metrics of LRS predicted distal LRS metrics. We first compared all 6 LRS metrics for all 465 mothers using Spearman's nonparametric rank correlation coefficients (ρ). Second, because nonzero counts were rare (< 50%) for some LRS metrics, we determined the probabilities of simply having any female descendants at the adult daughter, weanling granddaughter, and adult granddaughter stages compared to nonzero values for more proximal LRS metrics using generalized linear models (GLMs) with binomial errors and a logit link function. Third, we modeled the expected counts of female descendants versus each more proximal LRS metric with the best of 4 candidate models accounting for zero inflation and/ or overdispersion in the response variable. For all count models, individuals with predictor LRS values of 0 were removed because they could only have LRS = 0 at distal metrics. Predictors were ln-transformed to improve normality, a log link was used, and the best model was selected based on having the lowest AIC value (Zuur et al. 2009 ). The 4 candidate models were 1) a GLM with Poisson errors (no zero inflation, no overdispersion), 2) a GLM with negative binomial errors (no zero inflation but with overdispersion), 3) a zero-inflated or hurdle model (Zeileis et al. 2008; Zuur et al. 2009 ) fitted with Poisson errors (yes zero inflation, no overdispersion), and 4) a zeroinflated or hurdle model with negative binomial errors (zero inflation and overdispersion both present- Zeileis et al. 2008 ). Hurdle and zero-inflated models account for excess zeros differently, and the choice of which to use as candidate models in each comparison was made a priori depending on whether all or nearly all females in the analysis had a chance of having a nonzero result (e.g., females with no adult daughters could not have matrilineal granddaughters -Zuur et al. 2009 ). In general, we used zero-inflated models when comparing LRS metrics with intermediate LRS metrics in between and hurdle models when comparing adjacent LRS metrics. Nonindependence of females within each cohort year could not be accounted for in the models because zero-inflated and hurdle models cannot accommodate random effects, and adding year as a fixed effect would overcomplicate each model by adding at least 20 parameters plus interactions. Analyses were performed in R v. 3.1.2 (R Development Core Team 2014) and hurdle and zero-inflated models used the R package pscl v.1.4.8 (Jackman et al. 2015) .
results
Lifespan and litter production.-The distribution of lifespans among 979 adult female Richardson's ground squirrels resembled a negative exponential curve, with most individuals surviving for only a single year (Fig. 1A) , and a single female surviving to the age of 7 years. The distribution of lifespans among the 5 subsamples of females with different levels of reproductive information differed significantly (χ 2 = 42.4, Monte Carlo simulated P = 0.011), indicating that not all subsamples were representative of the distribution of lifespans in the largest sample of 979 females. However, when the subset of 639 females with perfect granddaughter information was excluded from the comparison, no differences were detected among the remaining 4 subsamples of 662 or more females (χ 2 = 21.6, Monte Carlo simulated P = 0.248). Inclusion of the group of 23 females with almost complete granddaughter information restored the representative lifespan distribution in the subset of 662 by reintroducing 13 females that lived 3 or 4 years (57% of the group of 23, but only 8% of the subset of 639) and only 10 females that lived 1 or 2 years (43% of the group of 23, but 91% of the subset of 639).
Female Richardson's ground squirrels weaned up to 5 litters in their lifetimes, and litter production had a significant positive relationship with lifespan (Poisson GLM, number of litters = exp (−0.38 + 1.13 (ln lifespan)), n = 954, P < 0.001, Fig. 2A) , of which 183 (92%) lived only to their yearling year. Of those yearlings, 138 failed to survive to the expected time of weaning and 45 survived through their only reproductive season without weaning a litter. A further 15 and 1 female squirrels lived for 2 and 3 years, respectively, without weaning a litter in their lifespans (Fig. 1B) . Of the 755 mothers with known lifetime numbers of litters, 59% produced a single litter, 27% produced 2 litters, and 14% weaned 3-5 litters in their lifetime, producing a right-skewed frequency distribution that carried through all metrics of LRS ( Figs. 2A-F) .
Daughter production.-Of 771 adult female Richardson's ground squirrels with complete lifetime weanling and yearling daughter information, 199 weaned no offspring and 572 produced 1-32 weanlings; 63% of those mothers weaned 4-10 offspring and the top 5% weaned 22-32 offspring (Fig. 2B) . Of the 572 mothers, 88% produced 1-9 weanling daughters, 10% produced 10-19 (Fig. 2C) , and the remaining 2% weaned a single litter of all sons. Moving from weanling metrics to yearling metrics introduced many zeros into the data set (Fig. 2D) . Fifty-three percent of all 771 females and 37% of the 572 mothers with complete weanling and yearling information failed to be represented in the next generation in the form of an adult daughter. Of the 361 mothers with yearling daughters, 40% produced only a single adult daughter, 26% had 2, and the most successful 5% produced 6-9 adult daughters.
Granddaughter production.-Of 662 adult female Richardson's ground squirrels with granddaughter information and the 465 mothers among them, 32% and 46%, respectively, had ≥ 1 weanling granddaughters (Fig. 2E) . Of the 213 females that became grandmothers, 85% had 1-15 weanling granddaughters, and the top 5% had 29-60. The top 2 grandmothers were exceptionally successful with 53 and ≥ 60 granddaughters, with the latter possibly having additional unrecorded granddaughters because reproductive information for 1 of her 20 daughter-years was unknown.
The majority of Richardson's ground squirrels for which adult matrilineal granddaughters would have been detected had an LRS of 0 at our most distal metric. Thus, 77% of 662 females and 68% of 465 mothers were not represented by adult female descendants after 2 generations. Of the 511 females with no adult matrilineal granddaughters, 39% did not wean any litters, 2% weaned only sons, 39% had weanling daughters but none survived to the yearling stage, 8% had adult daughters but none of those daughters weaned litters, < 1% had adult daughters that produced only grandsons, and 12% had weanling matrilineal granddaughters but none survived to the yearling granddaughter stage. Successful grandmothers (n = 151) had 1 to ≥ 23 adult granddaughters (Fig. 2F) , with 25% having only a single adult granddaughter, 65% having 2-9, and the top 10% producing 10 to ≥ 23 yearling granddaughters. All 23 females with potentially underestimated counts for granddaughters had ≥ 2 adult granddaughters. Fifty-four percent of the 630 adult matrilineal granddaughters originating from the subsample of 662 females with granddaughter information were produced by only 5% of the females in the subsample.
Cohort effects.-Average LRS values varied widely according to the calendar year in which a female recruited into the breeding population as a yearling (Fig. 3A) . The lifetime number of adult daughters produced was highest for females that recruited in 2007 ( X ± SE = 2.71 ± 0.92, n = 7), but almost 0 for recruits in 2005 (0.03 ± 0.03, n = 32). Mean lifetime number of adult granddaughters peaked at 4.67 ± 1.91 for the 1996 recruitment year (n = 9), but was catastrophically low for recruitment years 2004 (0.03 ± 0.03, n = 38) and 2005 (0, n = 32). Of 2,810 female weanlings in 849 litters born in 1987-2009 to 561 mothers that had daughters and complete weanling and yearling daughter information, 29.7% survived to the yearling (i.e., adult) stage. However, survival rates ranged widely on an annual basis from 1.2% of 84 weanling daughters born in 2005 to 56.3% of 112 born in 1997 (Fig. 3B) . Annual adult female survival for the 771 females over the 23-year period was 38.3% (n = 1,239 female-years), but also fluctuated widely from year to year, ranging from 6.4% of 47 adults in 2005 to 79.5% of 39 adults in 2003 (Fig. 3B) . Furthermore, adult and juvenile survival rates were significantly positively correlated (r = 0.674, t 21 = 4.18, P = 0.0004), with both having catastrophically low values in 2005 as a result of extreme precipitation that caused extensive flooding of burrow systems. Whereas the 30-year (1981-2010) normal annual precipitation is 380 mm, of which 82 and 41 mm fall in June and September, in 2005 the annual precipitation was 608 mm, of which 272 and 126 mm fell in June and September (Government of Canada Historical Climate Data for Lethbridge A Station located 26 km SSW from the study site). Because all females were sequestered in underground hibernacula by September 2005 and thus had limited ability to respond to flooding, especially when in the physiological state of torpor, the stochastic event of unusually heavy precipitation in September eliminated most of the hibernating females in the population.
The 4 and 8 multiplicative life-history components that respectively determined the number of adult daughters and adult matrilineal granddaughters produced by adult female Richardson's ground squirrels exhibited different degrees of variability within cohorts (Table 1) . For most components, the across-cohort means of within-cohort SDs were ≤ 15% of the magnitude of their corresponding means (Table 1 ). In contrast, the across-cohort means of within-cohort SDs were 42-58% of their corresponding means for proportions of weanling daughters or granddaughters surviving to adulthood and 26-31% for lifetime number of litters for subject females or their daughters, respectively (Table 1) . Fittingly, those highly variable components explained most of the variation in LRS within cohorts. In particular, weanling daughter survival accounted for a median of 62% of variation in the number of adult daughters produced in 22 cohorts of adult females (Fig. 4A) . Furthermore, for 18 of the 22 cohorts, daughter survival to adulthood explained more of the variance in number of adult daughters produced than all the other components combined. Juvenile survival in a cohort's yearling year was so influential that it explained nearly half of the variation in mean cohort LRS (y = 0.295 + 0.034x, F 1,20 = 19.1, P = 0.003, adjusted R 2 = 0.462; Fig. 3C ). The next most important parameter was lifetime number of litters (median = 17%), whereas weanling sex ratio and litter size explained the least variation (medians of 12% and 4%, respectively). A similar pattern was observed for the lifetime number of adult granddaughters produced (Fig. 4B) , with juvenile daughter and granddaughter survival explaining medians of 34% and 21% of variance, respectively, followed by number of litters per daughter (median = 11%) and lifetime number of litters for the focal female herself (median = 7%). The importance of juvenile survival for granddaughter production may be even more severe than displayed in Fig. 4B , as the 2005 cohort (n = 32 females) could not be included in variance partitioning of this LRS metric because it had no variance to partition. No females recruiting as yearlings in 2005 produced any adult granddaughters due to 99% mortality of 69 weanling daughters and 100% mortality of 5 weanling granddaughters. The average size of litters produced by female Richardson's ground squirrels or their daughters explained very little of the variance (medians of < 4%) in LRS.
Distal versus proximal LRS metrics.-Models analyzing the success or failure of descendant production for Richardson's ground squirrels pooled from all cohorts indicate that chances of success at distal LRS metrics increase significantly with higher values of all more proximal metrics ( Fig. 5 ; P < 0.001 for all explanatory variables, see Supporting Information S2 for parameters for all 12 models). Weaning a single litter in a lifetime was usually not enough to contribute a reproductively mature female descendant to the population. Weaning 1 litter resulted in predicted probabilities of 40%, 30%, and 20% of contributing ≥ 1 adult daughter, weanling granddaughter, and adult granddaughter, whereas weaning a 2nd litter increased those chances of success to 82%, 70%, and 50%, respectively (Fig. 5A ). To have a ≥ 50% chance of being represented by an adult matrilineal granddaughter required the production of 2 litters, 14 weanlings, 7 weanling daughters, or 2 adult daughters in a lifetime.
Each LRS metric had a significant positive relationship with all more distal LRS metrics for the 465 mother Richardson's ground squirrels pooled from all cohorts in both nonparametric correlations and GLM analyses for mothers with nonzero predictor LRS metrics, and females were predicted to gain 1.6-1.7 adult granddaughters per additional litter weaned ( Fig. 6 ; P < 0.001 for explanatory variables in all 15 models, see Supporting Information S3 for model parameters). However, predicted probabilities of having ≥ 1 adult granddaughter based on litter or weanling metrics never exceeded an 86% chance even for the most productive females at those metrics (Figs. 5A-C) .
Although all distal LRS metrics had significantly positive relationships with all proximal metrics, Spearman's nonparametric rank correlation coefficients (ρ) for each explanatory metric decreased with increasingly distal response metrics (e.g., weanlings versus litters ρ = 0.805, adult granddaughters versus litters ρ = 0.416; Fig. 6 ). Thus, a female's LRS rank often changed dramatically depending on the metric. For example, the 13 squirrels that weaned 4-5 litters formed the top 3% of 465 mothers in terms of litters weaned, but only 6 of them remained in the top 13 for producing adult granddaughters; the other 7 females ranged from tied for 15th place to tied for last place with no yearling granddaughters. In contrast, the female with the most (≥ 23) adult granddaughters weaned only a single litter, but all 6 weanling daughters survived to the adult stage and, collectively, they lived for 20 daughter-years. Grandmothers that achieved a top 10% result of ≥ 10 adult granddaughters did so with 1, 2, 3, or 4 litters, but the single female with 5 weaned litters had only 6 adult granddaughters. Nearly 70% of 465 females that weaned ≥ 1 litter had no adult granddaughters. Mothers not represented by adult granddaughters had produced as many as 4 litters, or 27 weanlings, or 16 weanling daughters, or 4 adult daughters, or 12 weanling granddaughters (Fig. 6 ).
discussion
We used 25 years of demographic data for ≥ 20 cohorts of adult female Richardson's ground squirrels to calculate, characterize, and compare 6 metrics of LRS. Sample sizes ranged from 979 adult females with known lifespan to 465 mothers with known reproductive histories through to the matrilineal granddaughter generation. Lifetime studies of wild vertebrate populations with sample sizes on the level of hundreds of individuals are rare, but they provide important empirical demonstrations of magnitude and variability in individual fitness (e.g., CluttonBrock 1988; Newton 1989a; Oli and Armitage 2003; Wilson et al. 2005; McAdam et al. 2007; Dugdale et al. 2010) . Outside of human studies where existing census records can be used (e.g., Crognier 2003; Gillespie et al. 2008) , grandoffspring studies have been conducted for only a few species of free-living mammals (Fedigan and Pavelka 2001; Kelly 2001; Dugdale et al. 2010; Nuckolls 2010) and birds (Brommer et al. 2004; MacColl and Hatchwell 2004) , although the importance of this distal metric for representing individual fitness has been noted (Brommer et al. 2002) . The 1st goal of this study was to describe sample size and biases in the subsamples appropriate for each LRS metric. As expected, sample sizes of eligible adult female Richardson's ground squirrels decreased with the demand for increasingly distal reproductive information. However, the distribution of lifespans in subsamples did not change significantly until we demanded complete reproductive information for all daughter-years (i.e., an unambiguously known number of matrilineal granddaughters), which discriminated against long-lived reproductively successful females. Relaxing that subsetting standard for the granddaughter analysis to permit inclusion of 23 females with information for ≥ 80% of daughter-years (albeit with the possibility of slightly underestimated granddaughter values) restored the lifespan distribution to reasonably represent the population as a whole (Rhine 1997 ). The strength of relationships is described by Spearman's nonparametric rank correlation coefficients (ρ) for all 465 mothers. Lines represent generalized linear models (GLMs) performed on females with nonzero predictor values; sample sizes for GLM analyses below each column apply to all panels within that column. Models are of the form: Pois = GLM with Poisson errors, NB = GLM with negative binomial errors, ZI-NB = zero-inflated model with negative binomial errors, H-NB = hurdle model with negative binomial errors. All models and correlations were statistically significant at P < 0.001. Model parameters are detailed in Supporting Information S3. Points are slightly jittered to reduce overlap.
Whether measured as size, mass, or sex ratio of litters at weaning or as offspring survival to yearling age, reproductive investment is not related to age in female Richardson's ground squirrels (Broussard et al. 2005) . However, age-specific reproductive investment is widely reported in other mammals (Descamps et al. 2008; Weladji et al. 2010; Robinson et al. 2012; Hayward et al. 2013) , including Columbian ground squirrels (Urocitellus columbianus), a congener of Richardson's ground squirrels in which females exhibit reproductive restraint as yearlings and reproductive senescence when ≥ 6 years old (Broussard et al. 2003) . For such species, under-representation of long-lived individuals due to sampling logistics could bias interpretation of LRS, and a minor compromise in data subsetting stringency may establish an age-representative subsample for analysis, particularly at intergenerational metrics.
Our 2nd goal was to describe the biology of female Richardson's ground squirrels at the lifetime scale, with emphasis on the distributions of LRS. Consistent with LRS studies in various taxa (Clutton-Brock 1988; Newton 1989a) and with a previous short-term study of another population of Richardson's ground squirrels (Michener 1980 ), a small proportion of adult females in our study produced the bulk of descendants. More than one-half of our adult females produced no adult daughters, nearly 8 in 10 had no matrilineal descendants after 2 generations, and over one-half of the yearling granddaughters were produced by only 5% of females with granddaughter information. These patterns show large and skewed ranges for realized fitness among female Richardson's ground squirrels; the underlying cause and evolutionary significance of these patterns deserve investigation to determine the extent to which individual variation in LRS results from underlying differences in latent fitness or selectively neutral factors. Groups of individuals with identical latent fitness (i.e., probabilities of reproductive success) can produce realized LRS distributions similar to those observed in nature (Orzack et al. 2011) ; alternatively, individuals can be affected by nonselective factors such as the favorability of the conditions in the year(s) that they lived (e.g., McCleery and Perrins 1989) . Our data do not take into account fitness arising from male offspring and patrilineal grandoffspring, but given high mortality rates and intrasexual competition of males (Michener 1998) , we expect LRS distributions through sons to be even more skewed than through female descendants.
Our 3rd objective, to explore variation among the ≥ 20 annual cohorts of adult females, revealed that the years in which a subject female lived influenced both her own survival and survival of her offspring, sometimes with dramatic consequences for her LRS (Fig. 3) . Although female Richardson's ground squirrels can live up to 7 years, over one-half of the adult females in our study lived only a single year, with another quarter living 2 years. Consequently, LRS for most adult females was determined by only 1 or 2 reproductive seasons, making their LRS especially sensitive to the conditions in their 1st breeding year (e.g., McCleery and Perrins 1989) . Indeed in the catastrophic flood year of 2005, not only did the yearlings that recruited into the 2005 cohort have virtually no surviving daughters, they themselves had such low survival that few had a 2nd chance to produce offspring. That single catastrophic year had an impact on 2 cohorts, with yearlings from 2004 and 2005 having virtually no adult granddaughters. A similar termination of cohort LRS as measured by juvenile production was observed in song sparrows (Melospiza melodia) after a sudden and unexplained population crash (Smith 1988 ), but we are unaware of any other studies that quantify the effects of environmental stochasticity on LRS at the level of grandoffspring.
The 4th goal of the study was to identify the life-history components primarily responsible for variation in LRS at the cohort level. For most cohorts, survival of weanling daughters to the yearling (i.e., adult) stage was highly variable and explained more variability in number of adult daughters produced than the number of litters, average litter size, or sex ratio of weanlings combined. The same pattern was echoed for the number of adult matrilineal granddaughters produced by our Richardson's ground squirrels, with weanling daughter survival followed by weanling granddaughter survival as the largest determinants of realized fitness at that metric. Offspring survival has been noted to be the most influential life-history component in determining reproductive success in a variety of other organisms, including Columbian ground squirrels (King et al. 1991) , insects, birds, ungulates, and primates (e.g., Clutton-Brock 1988; Newton 1989a; Fincke and Hadrys 2001; MacColl and Hatchwell 2004; Breuer et al. 2010) . Analyzing the life-history components of the intergenerational LRS metric doubly emphasized that survival of females from the weanling to the yearling stage at either generation is a crucial determinant of LRS in adult female Richardson's ground squirrels.
Our 5th goal was to compare how proximal LRS metrics predict distal metrics across all cohorts. All predictive models were significant, indicating that greater reproductive effort generally translated into more descendants, but this pattern would not necessarily have occurred if stochastic factors had been dominant in determining realized fitness in a large proportion of years. As expected, more variability was introduced with each extra LRS step between proximal and distal metrics, meaning that an individual's ranking was more likely to change with more distance between the metrics (Rhine 1997; Brommer et al. 2002) . Thus, although even the most elementary LRS metric, number of litters, was a significant predictor of both the presence and number of descendants at all more distal metrics, it did not reliably identify the specific individuals that became the most successful producers of descendants across all cohorts. Nevertheless, given that female Richardson's ground squirrels wean only 1 litter per year and weaning a litter in any single year does not affect a mother's survival or reproduction in subsequent years (Risch et al. 2007 ), the overall positive relationship between numbers of litters weaned and adult granddaughters suggests that longer lifespans (i.e., more litters) are advantageous in this species. Production of multiple litters in a lifetime spreads the risk of experiencing high weanling mortality from environmental stochasticity over multiple years in the form of a bet-hedging reproductive strategy (Wooller et al. 1989; Fincke and Hadrys 2001) . Furthermore, because annual adult and juvenile survival are positively correlated, a mother who survived to the next breeding season in any year of her life not only had an additional opportunity to reproduce but she was likely to have had weanlings that recruited into the breeding population, enhancing her production of adult daughters and, potentially, granddaughters. Barrowclough and Rockwell (1993) suggest that the most appropriate LRS metric represents a complete life cycle (i.e., adult to adult), which reflects the contribution of mature offspring to the next generation. However, given that the survival rate of juvenile Richardson's ground squirrels varied drastically from year to year and was the most influential determinant of variation in LRS, this metric was influenced not as much by a subject's production of weanling daughters as by the calendar year or years in which she weaned litters. Therefore, for Richardson's ground squirrels, proximal offspring counts such as numbers weaned are poor predictors of realized fitness at the level of recruitment into the breeding population. Other studies of short-lived animals have noted that LRS may be influenced by "accidents of birth" in terms of which years individuals were alive, rather than obvious selection on phenotypes Perrins 1988, 1989; Newton 1989b) . Our extension of LRS metrics to intergenerational measures further revealed greater cohort variation in granddaughter numbers than daughter numbers and demonstrated that a catastrophe in a single year can affect LRS for multiple cohorts at different generations. Had our study been restricted to a few cohorts or only proximal offspring metrics, the impacts of favorable or unfavorable years on LRS would have been over-or under-represented.
Overall, our empirical study with Richardson's ground squirrels exemplifies the importance of identifying sampling bias in LRS studies, reveals conditions that can cause proximal metrics to be weak predictors of realized fitness, and emphasizes the value of long-term studies encompassing multiple cohorts to detect the range of variation in LRS within and between cohorts. We recommend that biologists interpret LRS studies based on a few cohorts with caution and focus efforts on balancing replication between and within cohorts when possible. This recommendation is most applicable and most feasible, for short-lived species such as Richardson's ground squirrels in which juveniles reach reproductive age by the next breeding season and most individuals determine their LRS in only 1-2 breeding seasons. The 662-954 adult female Richardson's ground squirrels in the 20-22 cohorts in our study included some remarkable examples of individual lifetime reproductive success (5 litters, 19 weanling daughters, 9 adult daughters, 60 weanling granddaughters, and 23 adult granddaughters). However, ultimately only 47% of adults were represented in the daughter generation and 23% in the matrilineal granddaughter generation, with some females having the extreme bad luck of membership in cohorts that recruited virtually no daughters or granddaughters as a result of catastrophic environmental conditions.
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